ABSTRACT. Measurements of lysosomal enzyme activities (acid phosphatase, acid RNase, and cathepsin) and observations of electron microscopic cytochemical preparations were correlated with ultrastructural changes in the posterior silk gland cells during the late larval stadium of the silkworm Bombyx mori. In the fourth instar the lysosomal enzymes were synthesized exclusively in the feeding stage when the wet weight of the gland increased exponentially, and the enzymes were probably stored in Golgi bodies. In the molting stage a number of autophagosomes, autolysosomes and autophagic vacuoles appeared in the cells, and the lysosomal enzymes presumably played pivotal roles in the catabolic processes of the silk gland cells. In the early half of the fifth instar (0-96 h), a similar exponential increase in lysosomal enzymes was observed, and the synthesized enzymes were also probably stored in Golgi bodies. In the middle of the fifth instar (96 h) when the metabolism of the silk gland was changed from the growth phase to stationary phase, several characteristic structures appeared, such as lipid droplets, myelin structures and whorl structures of rough ER. In the latter half of the fifth instar, the lysosomal enzyme activities were stabilized temporarily then increased again slightly arriving at a maximum value at the end of the fifth instar.
Development of the silk gland of the silkworm Bombyx mori is characterized by a sequence of programmed events, such as intermittent growth in accordance with feeding and molting cycles (20, 23) , explosive cellular growth and extensive synthesis and secretion of fibroin in the early and late half, respectively, of the fifth instar (30) and the drastic cytolysis which leads to the complete disappearance of the gland in the prepupal-pupal stadium (19).
It is generally accepted that these programmed events are regulated by ecdyson and juvenile hormone [see review by wigglesworth (32) ]. The cellular and molecular mechanisms by which these programmed events are controlled, however, are mostly unknown. A series of biochemical and ultrastructural analyses on the posterior silk gland cells of the silkworm from our laboratory (19, 20, 23, 30) suggested the importance of lysosomes and related structures in these programmed events, especially in the cytolytic process of the silk gland in the prepupal-pupal stadium (18).
In the present study, we attempted to investigate in more detail the role of lysosomes in these processes. For this purpose a series of biochemical measurements of lysosomal enzyme activities (acid phosphatase, acid RNase and cathepsin) and another series of electron microscopic cytochemical observations of acid phosphatase were carried out in the fourth and fifth instar, and these results were correlated with a series of ultrastructural changes found in the posterior silk gland cells in these stadia. 
RESULTS
Biochemical studies. As shown in Fig. 1 , the time required for the fourth instar and fifth instar was exactly the same as that reported in previous papers (23, 30) . Body weight and wet weight of the posterior silk glands per animal showed similar patterns to our previous studies. Fig. 1 also shows changes in acid phosphatase activity and acid RNase activity of the posterior silk glands during these stadia. The acid phosphatase activity increased exponentially throughout the feeding stage (0-90 h) of the fourth instar and then stabilized during the earlier half of the fourth molting stage. Near the end of the molting stage, the activity increased, and this preceded the next logarithmic enzyme increase in the fifth instar (Fig. 3b) . A similar pattern of increase in acid phosphatase activity was observed in the feeding stage of the fifth instar as shown in Fig. 1 . The activity was again stable in the middle of the fifth instar (96 h). Towards the end of the fifth instar the activity increased slightly reaching a maximum value at the time of maturation. Acid RNase activity essentially showed a similar pattern of increase (Fig. 1) .
For correlating changes in enzyme activity directly with the ultrastructure, alterations in specific activity or enzyme activities per unit weight of the gland of acid phosphatase, acid RNase and cathepsin were calculated and plotted, as seen in Fig. 2 . Electron microscopy of lysosomes and related structures. To study the biological processes of the late larval stadium in detail, we analysed organellae which showed acid phosphatase reaction and their related structures. Electron microscopic histo- •@ Figs Numerous Golgi bodies were found in the posterior silk gland cells and were composed of minute vesicles, vacuoles and lamellae (Figs. 4 and 5) . The lamellar structures were only occasionally found, especially in the molting stage and if present, were composed of small, one or two layers of lamella (Figs. 4 and 7) .
As reported previously (19, 23, 30), Golgi bodies were markedly changed in appearance depending on the developmental stages; in the feeding stage they were composed of vacuoles and minute vesicles (Fig. 4) , while in the molting stage and in the very beginning of the feeding stage, they were composed of flattened saccules or lamellae and minute vesicles (Figs. 5 and 7) . Histochemical investigations revealed that Golgi bodies frequently showed positive acid phosphatase reaction (Figs. 6-8) , suggesting that the Golgi bodies were involved in the condensation and packing of not only fibroin but also lysosomal enzymes.
As Golgi lamellae are only occasionally found it is usually difficult to determine the polarity of the Golgi bodies. Fig. 7 suggests, however, that lysosomal enzymes are condensed and packed at the concave side of the bodies as in rat epididymal cells (11) and in some insect cells (18). Such a polarity may also explain why the Golgi bodies did not show acid phosphatase reaction. Fig. 8 shows a profile of the Golgi body which is cut parallel to the lamellae and surrounded by minute vesicles loaded with acid phosphatase.
Multivesicular bodies are seen in Figs. 5 and 10. The average diameter of the bodies was 500 nm. The multivesicular bodies were more numerously found in the molting stage than in the feeding stage, and acid phosphatase was present in some of the multivesicular bodies as shown in the insert of Fig. 10 .
A number of autophagosomes and autolysosomes appeared in the fourth molting stage (23) . The autophagosomes were rather uniform in size, and no mutual fusion of autophagosomes was observed, while autolysosomes were heterogeneous in size, and fusions of autolysosomes with another autolysosomes or autophagosomes were frequently observed (Fig. 5) . Acid phosphatase reaction was negative in the autophagosomes but positive in the autolysosomes (Fig. 9 and also see Fig. 7 of the following paper (21) ). The importance of both of these structures in the molting stage will be shown later.
In the posterior silk gland cells some dense bodies appeared which were oval or spherical in shape and of various sizes, and the bodies were loaded with dense homogeneous materials and sometimes with myelin structures (Figs. 10 and 11) . They Y. Tashiro, T. Shimadzu and S. Matsuura neither contained the dense core which is characteristic to insect peroxisomes (17) nor showed catalase reaction (not shown). The dense bodies, however, showed acid phosphatase reaction (Fig. 12 ) and intermediate granules were found between the typical autolysosomes and the dense bodies (Fig. 10) . It is strongly suggested, therefore, that the dense bodies are not peroxisome but a kind of autolysosome in the cells. They were only occasionally found in the feeding stage and increased slightly at the premolting and molting stages. As seen in Fig. 13 , a number of large vacuoles appeared in the cells, especially in the apical and perinuclear regions in the beginning of every molting stage as described previously (1, 20, 23) . The formation and disappearance of vacuoles will be described later. These vacuoles sometimes contained membranes and myelin figures, and occasionally multivesicular bodies and degenerated mitochondria, and they showed acid phosphatase reaction, as seen in Figs. 14-16.
Lysosomes and related structures in the fourth instar. In the very beginning of the fourth instar, there were considerable numbers of autophagosomes and autolysosomes (including dense bodies) and occasionally, a whorl structure of rough ER in cytoplasm. They were probably remnants from the third molting stage and decreased rapidly in the first 24 h of the fourth instar. This finding is consistent with the high specific activity of acid phosphatase in the beginning of the fourth instar (Fig. 2) .
In the beginning of the feeding stage, the Golgi bodies were the major acid phosphatase positive granules, and the Golgi bodies increased gradually in number in the feeding stage of the fourth instar. This means that the increase in the number of Golgi bodies was mainly responsible for the increase in the number of acid phosphatase positive granules in the fourth feeding stage (Fig. 3a) and that Golgi bodies were probably responsible for the increase in the specific activity of acid phosphatase at this stage (Fig. 2) .
In the fourth molting stage, a series of very complicated but characteristic structural changes appeared (23): regression and disappearance of Golgi vacuoles (to 90 h); conversion of vesicotubular rER to lamellar rER (to 90 h) which resulted in the appearance of a whorl or concentric lamellar structure (96-108 h); appearance of a number of autophagosomes (90-96 h) and autolysosomes (90-96 h); appearance of large vacuoles (to 96 h); granulation and disappearance of luminal fibroin (to 96 h) and the appearance of lipid droplets (96-102 h).
The most characteristic change in the molting stage was the appearance of large vacuoles in the apical and perinuclear portion of the cells which appeared at 96 h, Fig. 13 continued to be observable at 102 and 108 h, decreased rapidly at 114 h and disappeared completely at the end of this instar (120 h).
Figs. 5 and 13 are electron micrographs at 96 h of the fourth instar. In Fig. 5 , there is one autolysosome in close contact with a multivesicular body, two autolysosomes which are probably fusing with each other and there is another small vacuole near these structures. In Fig. 13 a number of small vacant vacuoles are in close contact with two large vacuoles. These figures strongly suggest that large vacuoles are formed by successive fusion of autolysosomes, autophagosomes and multivesicular bodies.
This suggestion is supported by the observation that the contents of the large vacuoles are frequently acid phosphatase positive, as seen in Figs. 14-16. Figs. 14 and 15 again suggest that these vacuoles were formed by fusion of a large vacuole with autophagosomes and/or autolysosomes. The large vacuole at the upper part of Fig. 16 is multi-lobular, and it was probably formed by fusion of a number of autolysosomes and/or autophagosomes, and the vacuole itself is likely to be in the process of fusion with another large vacuole at the left side. In large vacuoles lytic processes seemed to proceed rapidly and extensively, because they usually contained only a small amount of membranes, myelin structures and other residual materials.
It is interesting to investigate the fate of these vacuoles, as they disappeared completely at the end of the fourth instar. Fig. 17 shows that two vacuoles are in continuity with the glandular lumen and that the glandular lumen is vacant and clear. The intraluminar laminae appear to be severely damaged. It is suggested, therefore, that the large vacuoles fuse with plasma membrane at the glandular surface and the vacuolar content is excreted into the glandular lumen. As the vacuolar contents contain lysosomal enzymes, the glandular fibroin and the intraluminar laminae may have been digested. This observation confirms the recent finding from our laboratory that the luminal fibroin, which is readily visible under electron microscopy in the earlier instars, disappears concomitantly with the excretion of large vacuoles (20).
Another possibility is that the vacuoles shrunk and disappeared within the cytoplasm in the latter half of the fourth molting stage. Electron microscopic evidence which supports the latter possibility has not been obtained so far. Lysosomes and related structures in the fifth instar. Electron microscopic observations revealed that there were a number of autophagosomes and autolysosomes in the very beginning of the fifth instar, similar to the beginning of the fourth instar. They were probably remnant structures from the fourth molting stage and decreased in number in 24 h (Fig. 2) .
In the feeding stage of the fifth instar, Golgi bodies were again the main structures 
DISCUSSION
Synthesis and storage of lysosomal enzymes in the larval stadium. We have described here and in previous papers (19) that lysosomes play a decisive role in the degenerative changes of the fourth instar larvae (23) and in the cytolytic processes of the prepupal-pupal stadium (20). An important question is just when the lysosomal enzymes are synthesized: either just before use or in advance in the feeding stage.
The present study has clearly shown that the activities of the lysosomal enzymes (acid phosphatase, acid RNase and cathepsin) increase in the fourth and fifth instar, roughly in parallel to the increase in the wet weight of the glands. If the turnover rate of these lysosomal enzymes in the posterior silk gland cells is as long as in rat liver cells (31) , these results indicate that the lysosomal enzymes are synthesized in advance in the feeding stage.
Similar results have been reported by Akune, Mukai and Murayama (3) that acid RNase activity increased in the early half of the fifth instar and then remained high until the end of the fifth instar (till just before spinning).
Another important question is where these lysosomal enzymes are stored in the cells. The present observations revealed that in the feeding stage Golgi bodies are the major acid phosphatase positive sites in the cells and that the number of Golgi bodies increases in accordance with the logarithmic growth of the gland in the feeding stage. Thus it is strongly suggested that lysosomal enzymes are stored mainly in the Golgi bodies, especially in Golgi vesicles. Thus Golgi vesicles probably serve as primary lysosomes of the cells, as in epithelial cells of the rat vas deferes (12), in principal cells of rat cauda epidermis (11) and also in fat body cells of Calpodes (18). Multivesicular bodies are probably another type of primary lysosomes, as in other cells (18) .
Mutual relationships between lysosomes and related structures. We have described several cell organellae which are lysosomal in origin or are apparently related with lysosomes : Golgi bodies, multivesicular bodies, autophagosomes, autolysosomes, large vacuoles and dense bodies. The relationships between these structures were not always clear.
Formation of autophagosomes in the posterior silk gland cells appears to be essentially similar to other cells (16) as described previously (18). The autophagosomes do not contain acid phosphatase, and autodigestive processes do not proceed in the autophagosomes. Thus it appears that autophagosomes are converted to autolysosomes by fusion with primary or secondary lysosomes, as generally accepted (10). Numerical analysis of autophagosomes and autolysosomes in the beginning of the fourth molting stage (96 h) (Fig. 3b) showed that the two structures increased almost simultaneously and a precursor product relationship was not always apparent between these two structures. It is suggested that the conversion of the former to the latter structure was very rapid compared with the present sampling time interval.
When the autolytic process proceeds rapidly and completely in autolysosomes, almost all the contents will disappear. Thus vacant vacuoles are formed which correspond literally to autophagic vacuoles. They may fuse with each other forming large vacuoles which are so characteristic in the molting stage. The appearance of a number of large vacuoles in the molting stage has been described by Akai (1) and Morimoto et al. (23) . Akai suggested that the vacuoles are formed by fusion of the fibroin globules. This interpretation is not supported by the present observations. Fibroin globules disappeared completely before the first appearance of the large vacuoles.
When the autolytic process proceeds slowly and incompletely for some reason, the contents of the autolysosomes do not disappear but some materials will remain. We suggest that the dense bodies are formed in such a way. The dense bodies could be converted to the vacuolar type if additional lysosomal enzymes were supplied to the dense bodies by fusion with primary lysosomes or if the lysosomal enzymes within the bodies were activated for some reason.
Cellular economy in the fourth molting stage. In the feeding stage (0-90 h) the wet weight of the gland increased exponentially in accordance with the rapid increase in total body weight (23) . Biosynthesis of a basic amount of fibroin also proceeded in the feeding stage and hardly any cytolytic finding was observed in cells at this stage. The feeding stage is, therefore, the proliferative or anabolic phase of the cells.
In the fourth molting stage as in other molting stages, the silkworms do not feed. A number of biological processes, however, proceed in the molting stage including resumption of exponential growth of the posterior silk gland at the middle of the molting stage. The energy and materials for such processes should, therefore, be supplied by catabolic processes within the silkworms.
A series of degenerative changes appear in the cells in the fourth molting stage : formation of autophagosomes, conversion of autophagosomes to autolysosomes and then to large vacuoles and excretion of vacuolar contents to the glandular lumen. As the large vacuoles contain lysosomal enzymes, the luminal contents, such as the luminal fibroin and intima may be digested by the lysosomal enzymes which are excreted from the large vacuoles.
It has been reported that similar vacuolization also occurs in the cytoplasm of the anterior and middle divisions of the silk gland cells and that the luminal silk and intima also disappear in the beginning or in the middle of the fourth molting stage (l, 2). It is suggested, therefore, that similar mechanisms are responsible for digestion of the glandular contents in all divisions of the silk gland. The silk gland of the silkworm is ectodermal in origin, and it is noted here that the proteolysis mechanism for luminal fibroin is similar to the proteolysis of old cuticle whch is one of the most important processes in apolysis (32) . Small organic molecules, such as amino acids which are probably produced by such autophagic mechanisms are re-utilized as nutrients during the molting stage and also for rapid growth in the next instar which is initiated in the latter half of the previous molting stage. Akai (1) in his radioautographic studies reported digestion and absorption of luminal fibroin in the fourth molting stage.
Another series of interesting changes which were observed during the molting stage was the disappearance of Golgi vacuoles and fibroin globules and the transformation of vesico-tubular rER to lamellar ER, such as parallel lamellar or concentric lamellar ER. Presumably these were secondary effects of suppression of fibroin biosynthesis in the molting stage. Suzuki and Suzuki (29) reported that the amount of fibroin mRNA extracted from the posterior silk gland cells during the third and fourth molting stages decreased markedly. Thus it appears that the molting stage is a degenerative or catabolic phase of the cells. By catabolic mechanisms the silkworm will produce energy and raw materials without feeding.
Cellular economy in the fifth instar. The most important biochemical change in the fifth instar is the metabolic conversion from growth phase to the phase of synthesis and secretion of fibroin at the middle of the fifth instar (30) . The existence of such a metabolic conversion in the fifth instar has been confirmed by changes in the activities of thymidine kinase, thymidylate kinase and aspartate transcarbamylase (22) and by functional adaptation of tRNAs to fibroin biosynthesis in the second half of the fifth instar (8,13).
We have shown that a series of characteristic morphological changes appear, including formation of lipid droplets and myelin structures. It is not certain, however, whether metabolic conversion is involved simply at the transcriptional level by turning off mRNA synthesis for cell growth and turning on mRNA synthesis for fibroin or that it is a more complicated process involving the participation of various lysosomal enzymes. We simply point out here that although the specific activities of acid phosphatase, acid RNase and cathepsin show maximum value at this stage, there is no increase in the number of autophagosomes and autolysosomes in the cells. Cellular economy towards the end of the fifth instar is described in the subsequent paper (21) .
Correlation with hormonal changes. It is well known that development and ecdysis in insects are controlled by the two hormones ecdyson and juvenile hormone, and the series of characteristic changes observed in the posterior silk gland may not be exceptional. In the present study, the titre of the two hormones was not measured. According to Shaaya and Karlson (28) and Patel and Madhavan (25) , the ecdyson titre of the silkworm is low in the feeding stage and high in the molting stage. The juvenile hormone titre is high in the feeding stage and low in the molting stage (24, 25) .
As described previously in this paper, the first sign of degenerative change in each molting stage is the appearance or the increase in the number of autophagosomes. As shown in Fig. 3b , the increase in ecdyson titre and the appearance of autophagosomes coincide. It is suggested, therefore, that the increase in the ecdyson titre triggers the formation of autophagosomes. It has been reported that formation of autophagosomes is triggered in rat liver by administration of glyconeogenetic agents, such as glucagon and epinephrine (4, 5, 9, 26), and this effect was clearly demonstrated when fasted animals were used (26) . During the molting stage, the silkworm does not feed and it is possible that ecdyson acts as a glyconeogenetic agent, thus inducing autophagosomes formation.
